In the present study, we used event-related fMRI to within such multimodal structures, where inputs from investigate the effect of current gaze posture on visuotactile crossmodal spatial influences upon visual cortex. We delivered multimodal visuo-tactile stimulation either 3 Correspondence: e.macaluso@fil.ion.ucl.ac.uk
at the same or at different external locations, while masphere); but during right fixation, the spatially congruent bimodal stimulation (still at position 2) will now be pronipulating gaze direction. Given our previous results (Macaluso et al., 2000b), we expected spatially specific cessed in opposite hemispheres for the two modalities (still left hemisphere for touch, but now right hemisphere crossmodal modulations in visual cortex (lingual/fusiform gyri). We predicted (given Macaluso et al., 2000b) for vision). During fMRI scanning, our subjects were required to that bimodal stimulation at the same external location would produce an increased visual response, while bidetect any visual onset while ignoring the task-irrelevant, unseen tactile stimulations delivered to the right modal stimulation at different locations should not. To assess visual responses, we compared activity during hand. Gaze was maintained for eight successive trials either to the left or to the right (see Figure 1 and Experivisual stimulation of the contralateral versus ipsilateral visual fields. Note that because of this, all our reported mental Procedures). Note that the possible external locations of the visual targets were shifted along with the crossmodal effects are spatially specific and cannot be due to nonspecific effects of merely adding any second current direction of gaze (see Figure 1) , so that the visual targets were presented at the same possible retinal locastimulus in touch, or of changing gaze direction per se.
Our manipulation of gaze direction entailed that, on tions, irrespective of gaze direction. However, the change of gaze altered the retinal location of any spasome trials, spatially congruent multimodal stimulations would occur in one visual field, while on other trials, tially congruent multimodal stimulation (from one visual hemifield to the other). We predicted that this change in multimodal spatial congruence would occur in the opposite visual field, despite that the possible tactile stimularetino-centric location for the critical spatially congruent multimodal stimulation (despite the constant somatotion to just the right hand remained unchanged. In a second experiment, we repeated the same manipmultimodal stimulation occurred at different external locations when fixating left (i.e., position 1 for vision and ulations, but now occluded the stimulated right hand from sight completely. This should reveal whether any position 2 for touch). The critical point is that the reverse was true when the subject fixated to the right. Now crossmodal effect of spatially congruent touch on visual areas (and/or any modulation of this by current gaze multimodal correspondence in external space was only obtained when the same touch was presented together direction) is dependent on seeing the current visual location of the stimulated hand. with a visual target in the left rather than right visual field (i.e., both stimuli in position 2: see Figure 1 ). It is important to note that this simple manipulation of gaze Results direction will have dramatic consequences for neural representation of the stimuli in the brain. During left fMRI Analysis Our analyses sought first to localize brain areas whose fixation, visual and tactile stimuli in a spatially congruent external location (i.e., at position 2) will initially be proresponse to visual targets was determined by which retinal hemifield these fell in (i.e., differential activation cessed in the same hemisphere (i.e., the left hemi- Figure 3C ). In the second experiment, some weaker activation was found also in the right hemisphere, with the bimodal trials (i.e., when touch was delivered concurrently at the same external location as the visual target, cluster extending to the superior temporal gyrus and superior temporal sulcus (hand occluded, Figure 3F ). versus bimodal stimulation in different external locations). In addition, we now tested for any effect of eye Effect of Spatial Alignment for Bimodal Stimulation position (leftward versus rightward gaze) upon these multimodal spatial effects upon visual responses.
Our main aim was to investigate the effect of presenting an irrelevant tactile stimulus either spatially congruent Table 1 ) and 2D and 2E for the second experiment (with hand occluded; see also Table 2 Table 2 ). This lack of consistent V1 activation nus right-visual-field targets, for the right hemisphere). It is therefore a spatially specific visual response. The may be due to the low-contrast peripheral stimulation used, and/or to the continuous visual stimulation procritical effect of congruency in external space for multimodal stimulation is highlighted within each graph vided by the illuminated background in the scanner environment. This outcome is consistent with our previous by the difference between the two rightmost bars (blue arrows in Figures 3A-3D ). To further confirm that the results (Macaluso et al., 2000b), using similar experimental visual stimuli. A different type of visual stimulus might activations were not simply due to the change of gaze direction per se, for each activated cluster we also be required to study crossmodal interactions in primary visual cortex. when touch on the right hand was presented at the same of gaze and presence of touch (z value ϭ 2.8; p-corrected ϭ 0.040). Thus, although the response for rightlocation as these visual targets in external space: that is, during leftward fixation (see red bar third from left, visual-field targets was somewhat higher during leftward fixation, this effect was significantly larger in the in plot for the left hemisphere in Figure 3A ). During rightward fixation, the same touch was now presented presence of touch, further underlining the crossmodal nature of the critical effect. at a visual location ipsilateral to this hemisphere (i.e., in the left visual field), which reduced the effect of contraAn analogous pattern of activation was found for the lingual/fusiform region in the right hemisphere, with the lateral right visual targets (fourth bar from left, in plot for the left hemisphere in Figure 3A ). Thus, vision and increased effect for contralateral-minus-ipsilateral visual targets during spatially congruent tactile stimulatouch at the same external location boosted responses to contralateral visual targets, while touch at the oppotion now being specific to rightward rather than leftward fixation (z value ϭ 4.0; p-corrected ϭ 0.005). When fixatsite location in external space did not. This cannot be explained simply by the external location of the visual ing right, multimodal stimulation that was spatially congruent in external space arose in the left visual hemifield, target itself (i.e., at position 2; see Figure 1 ) during leftward fixation because the direction of gaze did not sigcontralateral to this hemisphere (although note that the right-hand touch itself was now ipsilateral to this heminificantly affect the size of the visual responses when touch was not present (see first and second bars from sphere, in somatotopic terms). The amplification of the effect during multimodal spatial alignment can be apleft in Figure 3A ; p-uncorrected Ͼ 0.05). If only stimulation of the right visual field is considered (rather than preciated by comparing the third and fourth bars from the left in the plot of Figure 3B (see blue arrow). Again the right-minus left-visual-field difference), some main effect of gaze direction was found (see Table 3 ), but this effect was not observed when touch was absent (see first and second bars from the left in Figure 3B ; critically there was also an interaction between direction Table 3 ), but again this was signifi- Table 3 ), but this again interacted critically with the presence of touch (z value ϭ 2.9; p-corrected ϭ 0.038, see cantly modulated by the presence of touch (z value ϭ 2.7; p-corrected ϭ 0.050). Table 3 ). Thus, Experiment 2 replicated the spatially specific modulations of visual areas by task-irrelevant Experiment 2: Hand Occluded (Table 3 ). The spatially specific crossmodal effects, and their modulation by tactile stimulation, and its dependence on current gaze direction, while showing that these effects do not require gaze direction, were replicated for the second experiment with the hand occluded. In the left hemisphere sight of the hand.
In both experiments, our significant crossmodal ef-(see Figure 3C) , maximal effects for contralateral-minusipsilateral visual targets were observed when combined fects were confined to ventral occipital visual areas (some effects were also detected in the lateral occipital with right-hand touch during leftward fixation (i.e., for spatially coincident multimodal stimulation in the congyrus, but did not survive the statistical threshold for corrected significance). This was also found in our previtralateral right visual field; z value ϭ 4.2; p-corrected ϭ 0.006). Rightward fixation resulted in minimal activity for ous study with a similar paradigm (Macaluso et al., 2000b) . The reason for the ventral localization of the contralateral-minus-ipsilateral visual targets with concurrent touch (note that during rightward fixation, the crossmodal influences on visual cortex needs further investigation. If the visual stimuli were presented lower right hand was located in the left visual field, ipsilateral to this hemisphere). When considering only right-visualin the visual field, the crossmodal effects might appear in more dorsal occipital regions. Intriguingly, the only field stimulation (rather than the right-minus-left difference), there was no main effect of gaze direction, but parietal areas to show a main effect of the stimulated visual hemifield (i.e., left posterior parietal cortex) did its critical interaction with the presence of touch was again significant (z value ϭ 2.7; p-corrected ϭ 0.034, not show any crossmodal effect. We must note that since our hypotheses and analyses specifically consee Table 3 ).
Finally, the right lingual/fusiform gyrus also showed cerned areas showing spatially specific responses to lateralized contralateral visual stimuli, we cannot exan analogous pattern, further replicating Experiment 1 (see Figure 3D) . Maximal responses to contralateralclude other regions (e.g., multimodal areas in frontal or parietal cortex and/or subcortical areas, such as the minus-ipsilateral visual targets were detected for multimodal trials during rightward fixation, when left visual superior colliculus) from playing a more general role in the task. targets and touch were presented at the same external location (z value ϭ 4.3; p-corrected ϭ 0.002). Moreover, Our analysis used scan-to-scan variance (fixed eflocations). The situation reverses for the right hemisphere ( Figures 3B and 3D) . Now multimodal spatial correspondence in the contralateral visual field was achieved with gaze directed rightward (see Figure 1) , and indeed responses specific to contralateral visual targets with concurrent touch were now significantly larger for rightward fixation (bar 4 versus 3, in the right-side signal plots; see blue arrow). Note that for both hemispheres, these modulations of visual responses specific to contralateral visual targets by spatially congruent touch were indeed dependent on the presence of touch. Gaze direction did not significantly affect these effects when touch was absent (compare bars 1 and 2 within each plot). fects). Thus, statistical inference concerns the pool of chosen to optimize the fMRI design, not to provide a detailed psychophysical measure. In fact, responses on subjects that participated. However, it is encouraging that all the critical effects replicated across the two just one constant button, using the hand opposite to that which can be tactually stimulated, are unlikely to experiments (with only one subject participating in both).
Overall, these fMRI results indicate that touch can provide clear behavioral evidence for crossmodal cueing (see Driver and Spence, 1998b; Spence et al., 1998, affect visual responses in occipital areas traditionally considered as unimodal, in a spatially specific manner, for further remarks on this). The upside of the null behavioral results in the present study is that the fMRI effects such that responses specific to contralateral visual stimulation increase when touch is also stimulated at the we observed cannot be secondary to differences in behavioral latencies, since the latter differences were not same location. As discussed elsewhere, this effect may be attributed to crossmodal spatial integration, and/or consistently found. ., 2000b) . Critically, the direction. Moreover, note that in the latter case, the concurrent visual and tactile stimuli that led to enhanced present design also manipulated gaze direction for the first time. While any spatially congruent multimodal stimactivation actually project initially to different hemispheres. Finally, the results of the second experiment ulation always occurred at the same external location, this changed its location from one visual hemifield to (when the stimulated hand was occluded) indicate that these crossmodal effects, and their modulation by curthe other, depending on the current direction of gaze (see Figure 1) . Note that such changes of gaze direction rent gaze direction, do not require sight of the touched hand.
are commonplace in daily life, but that they raise the problem of whether different sensory modalities are kept in spatial register across such postural realignments. Table 4 This would accord with our current proposal that integrated signals relating current posture to the location of unimodal visual region that does not respond directly to touch per se. Second, the response of this lingual/ multimodal stimuli in external space may reach occipital cortex from higher order areas (see also Macaluso and fusiform region to visual stimuli depended strongly on which retinal hemifield these targets appeared in (see ). However, it should be noted that the present effects were not simply due to gaze posture modulat- Figures 2A, 2B, 2D, and 2E , where visual responses are displayed according to the visual hemifield stimulated).
Behavioral Performance
ing visual responses directly. Instead, the influence of gaze direction was most pronounced for the crossmodal These two observations, together with the anatomical localization of the clusters in posterior occipital cortex, effect of touch upon vision (see Figure 3) . The purely visual responses in the lingual/fusiform gyri (i.e., in the seem consistent with the proposal that the crossmodal influences we report here affect unimodal visual cortex, absence of touch) were mainly determined just by the retinal hemifield of the visual target. Gaze direction had as traditionally conceived.
Different sensory modalities initially encode stimulus a stronger effect on the lingual/fusiform gyri contralateral to the visual target when tactile stimulation was position according to different coordinate systems (i.e., retinal coordinates in early visual areas, and somatoalso present. Our results show that concurrent stimulation in touch topic coordinates for tactile areas), raising the question of how the different senses can communicate to proboosted activity in visual cortex specifically when presented at the same external location as the visual target. duce spatially specific interactions, such as those observed here. Moreover, changes of posture, such as Shifting the direction of gaze reversed which visual hemifield (and hence which hemisphere) was boosted by a shifts in gaze, mean that a particular somatotopic location will not invariably correspond to a fixed retinal locaright-hand touch. Further variations on our paradigm could shift the hand in space, instead of the direction tion in external space (nor vice versa), thus raising the issue of whether crossmodal links may "re-map" across of gaze, to test whether this can also induce an analogous "re-mapping" of the crossmodal influences. postural changes. Here we showed with fMRI that crossmodal effects of touch upon human visual cortex do
In conclusion, our results confirm that crossmodal spatial interactions between touch and vision can affect fixation either to the left or to the right of the body midline was modeled with a box-car function (again convolved with the HRF), The scanner environment was dimly lit and subjects viewed all LEDs through a mirror system. In the first experiment only, the subject plus its derivative. Additionally, for ten out of twelve subjects (five for each experiment), any trials containing losses of fixation were could also see the centrally placed right hand. In the second experiment, the right hand was occluded with a black panel (the scanner modeled separately (see below). This should ensure that the effects we report were not produced by unintended changes of visual input. environment was still dimly lit, but the right hand could no longer be seen and the wide occluding panel did not mark its location).
Linear compounds (contrasts) were used to compare the parameters of the multiple regression for the different conditions (excluding The mirror system comprised two mirrors placed on top of the whole-head RF coil, such that the whole scene could be viewed trials containing losses of fixation). Given the large number of voxels tested, the Theory of Gaussian Fields was used to assign corrected without any mirror-image reversal. A third mirror was also placed on top of the RF coil, to allow monitoring of eye position throughout p values (Worsley et al., 1996) 
